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Escherichia coli ATCase (310 kDa), a typical class B protein, consists of six copies of two polypeptides, 33 -kDa catalytic chains and 17-kDa regulatory chains (4) . X-ray studies (5) (6) (7) showed that two catalytic trimers are stacked above each other in nearly eclipsed configuration and are held together by the three regulatory dimers, which are clustered around the periphery of the molecule.
Class C ATCases are the smallest, with a Stokes' radius of only 40 A, and are insensitive to allosteric effectors. Bacillus subtilis ATCase has been shown (8) to be a trimer composed of 33.5-kDa subunits with a tertiary structure that is very
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In mammals ATCase activity is associated with a multifunctional mammalian polypeptide with carbamoyl phosphate synthetase (CPSase), ATCase, and dihydroorotase (DHOase) activities, called. CAD, which catalyzes the first three steps in pyrimidine biosynthesis (11) (12) (13) . The ATCase domain was isolated from controlled proteolytic digests (14) and has also been cloned, sequenced (15) , expressed in E. coli, and purified (J. Molina and D.R.E., unpublished data). The mammalian ATCase domain is an unregulated trimer composed of 34-kDa subunits.
The appreciable similarity in sequence among the catalytic polypeptides ofE. coli ATCase (16) , B. subtilus ATCase (17) , several other class B and C ATCases, and several eukaryotic ATCase domains (15, (18) (19) (20) suggests a highly conserved structure. Thus, although the overall structural organization of the ATCases from different organisms varies, a common theme appears to be that the catalytic activity is associated with 34-kDa domains that associate to form trimers. Moreover, a trimeric structure might be expected to be universal since the active site of the E. coli enzyme is composed of residues from adjacent subunits in the trimer (5-7). The unusually large dimeric class A enzymes are, therefore, especially interesting because they seem to be an exception to the rule.
Thus we have pursued the initial discoveries regarding the ATCase ofP.fluorescens (3) to determine whether its activity is associated with a smaller domain and whether other catalytic or regulatory activities are present in the complex. (3) , frozen in a dry ice/ethanol bath, and stored at -70°C. Cell extracts were prepared by two passes through a French press. The multifunctional protein CAD was purified from the overproducing hamster cell line 165-23 (13, 21) . CAD (110 ,ug) was radiolabeled with 12 mM N-[14C]ethylmaleimide (8.4 ,uCi/mmol; 1 Ci = 37 GBq) in 20 mM Hepes, pH 7.4/50 mM KCI/0.1 mM EDTA/30% (vol/vol) dimethyl sulfoxide/5% (vol/vol) glycerol at 30°C for 1 h, and the unreacted reagent was removed using a mini-Sephadex G-50 spin column (22) . E. coli ATCase was purified (23) Bradford (25) . Enzyme activities were assayed as described (13, 21, 26) . SDS/PAGE was carried out as described (27) . For quantitative measurements, the Coomassie blue-stained gel was scanned with a Zeineh soft laser scanner. For autofluorography, the gels were preequilibrated in EN3HANCE (NEN). For two-dimensional electrophoresis, protein samples were electrophoresed in the first dimension through 13 cm x 2.5 mm polyacrylamide tube gels under the nondenaturation conditions (28) . Gels were electrophoresed in triplicate; one was stained for protein, a second was sliced and assayed for ATCase activity, and the third was carried through the second dimension-SDS/10% polyacrylamide gels (29 electrophoresis. The expected 180-kDa polypeptide was not detected. Instead the activity was solely associated with a region of the gel containing two polypeptides of 34 and 45 kDa.
EXPERIMENTAL PROCEDURES
Because of the sensitivity of the large multifunctional proteins to proteolysis, we were concerned that endogenous proteases may have cleaved the parent polypeptide into active functional domains. Consequently, the proteolytic activity in P. fluorescens extracts was assayed "by taking advantage of the extraordinary sensitivity of the mammalian pyrimidine biosynthetic polypeptide CAD to proteolysis (13, 14, 21, 32) . Radiolabeled CAD was incubated in P. fluorescens cell extracts for various periods of time up to 6 h at 37°C and then analyzed by fluorography of SDS/polyacrylamide gels. The molecular mass of the CAD polypeptide remained the same and no traces of proteolytic fragments could be detected regardless of whether protease inhibitors had been added to the cell extracts. In contrast, no intact CAD remained after a 5-min incubation with low concentrations of trypsin [CAD/trypsin ratio, 100:1 (wt/wt)].
Protease activity was also assayed during a large-scale preparation (see below) by using a standard test kit (Boehringer Mannheim). No proteolytic activity was detected in any of the fractions containing P. fluorescens cells or extract (15-,.ul samples, 16-h assays at 31°C). These results strongly suggested that the 34-kDa and 45-kDa species were not fragments of a larger polypeptide.
Purification of P. fluorescens ATCase. Although endogenous proteases could not be detected, the isolation of P.
fluorescens ATCase was carried out under conditions designed to minimize proteolysis. Protease inhibitors [1 mM phenylmethylsulfonyl fluoride, soybean trypsin inhibitor II (250 ,g/ml), and 2.5 mM benzamidine] were added to the cells and homogenizing buffer and the initial stages of the procedure were carried out at 5°C as rapidly as possible. The purification (Table 1) closely followed the method devised by Adair and Jones (3) . However, their final step, preparative gel electrophoresis, which resulted in appreciable inactivation of the enzyme, was omitted. These preparations contained the 34-and 45-kDa ATCase subunits, a major 55-kDa protein, and several minor species. The 34-and 45-kDa subunits were isolated regardless of whether the cells were harvested from exponentially growing or stationary cultures. The results were similar to those as reported (3) , although here the yield after the hydroxyapatite step was lower (18% vs. 44%) and the specific activity was slightly higher (19.6 vs. 14.4 ,umol per min per mg). The contaminants could be removed by chromatography on a Superose 6 column ( Fig.  2) , yielding a homogeneous preparation of the enzyme with a specific activity of 54.5 nmol per min per mg. The putative active site lysine was covalently modified by 25 mM pyridoxal phosphate followed by reduction with sodium boro[3H]hydride. SDS/PAGE followed by autofluorography showed (Fig. 3) at a final concentration of 5 mM was then added where indicated for 6 min. Controls lacking pyridoxal phosphate or sodium borohydride were also included as was E. coli ATCase (4 pg). The reaction mixtures were fractionated by SDS/PAGE (Left). The major bands in lanes 1-6 are the 55-kDa contaminant, the 45-kDa polypeptide, and the 34-kDa species migrating slightly more slowly than the E. coli ATCase catalytic chain (EcC) in lane 7, which also shows the regulatory chain (EcR). The autofluorograph (Right) was exposed for 17 days. +, Component added; -, component not added.
rescens ATCase with [14C]FSBA, there was no incorporation of the radiolabel into the 45-kDa subunit but the 34-kDa subunit was strongly labeled (data not shown). The labeling of the 34-kDa species was not affected when the reaction was carried out in 1 mM carbamoyl phosphate, indicating that FSBA was not reacting at the active site. On the other hand, the presence of 15 mM ATP significantly reduced the labeling of the 34-kDa species.
The sequence of 19 and 17 aa at the amino end of the 34-and 45-kDa polypeptides, respectively (Table 2) , showed no identifiable homology to any known ATCase.
The Molecular Mass of the Oligomer. The Stokes' radius of P. fluorescens ATCase was determined to be 70. 9 A by chromatography on a calibrated Sephacryl 300 column (Fig.   4) This conclusion agrees with recent sequencing studies that show that the Pseudomonas aeruginosa and Pseudomonas putida ATCase genes consist of two distinct open reading frames encoding polypeptides of about these sizes (John Vickrey, Michael Schurr, and Gerald O'Donovan, personal communication).
The molecular mass of the complex determined by several approaches was -464 kDa. Based on the mass of the constituent subunits and the stoichiometry of the complex, the protein must be a dodecamer, composed of six copies of the 34-kDa catalytic subunit and six copies of the 45-kDa polypeptide with a calculated molecular weight of 474,000.
We cannot account for our lack of agreement with the previous results (3); however, we were unable to obtain the strain of P. fluorescens used in the original studies so that it is possible that the subunit structure of the molecule is different in the current strain. In support of this explanation, the molecular mass (360 kDa) and Stokes' radius (85 A) previously found for the protein from the lost strain are significantly different from the values reported here. More- over, the Km values were somewhat different and CTP was a noncompetitive inhibitor at saturating carbamoyl phosphate. The molecular mass had been determined quite accurately and an alternative possibility, suggested by M. E. Jones (personal communication), was that they had isolated a species lacking a 45-kDa dimer. However, it now seems clear that the ATCase molecules from one well-characterized standard P. fluorescens strain as well as the two other sequenced Pseudomonas enzymes are composed of two polypeptides.
The active site was found by affinity modification to be located on the 34-kDa polypeptide. This polypeptide is nearly the same size as the catalytic chain or domain ofbacterial (16, 17) , fungi (18, 20) , insect (19) , plant (10) , and mammalian (15) ATCases. Thus a 34-kDa catalytic domain appears to be a universal occurrence in ATCase molecules.
We do not know where the regulatory sites are located, but preliminary affinity-labeling studies suggest that the nucleotide binding sites are on the 34-kDa catalytic chain, not on the 45-kDa subunit. The extent of labeling of the 34-kDa subunit was not diminished by substrates, indicating that the reagent was not reacting at the active site but was significantly reduced when the reaction was carried out in the presence of the allosteric effector ATP. We tentatively conclude that both catalytic and regulatory sites are located on the 34-kDa species. This finding would not be surprising since the existence of a separate regulatory chain in E. coli ATCase is the exception. The P. fluorescens molecule does not bind substrates cooperatively and the heterotropic interactions are qualitatively different than those exhibited by E. coli ATCase, suggesting that the 45-kDa polypeptide does not function in a fashion analogous to the 17-kDa E. coli regulatory chain. Moreover, the P. fluorescens subunits were not dissociated by mercurials so the subunit interfaces probably lack zinc ions liganded to four cysteines (5-7), which are essential to maintain subunit association and regulation of the E. coli enzyme. peptide may be important for the maintenance of an oligomeric structure required for regulation.
The x-ray studies (5-7) of E. coli ATCase showed that the active site residues involved in binding the substrate analog PALA are found on adjacent subunits within the trimer. The importance of a shared active site was subsequently confirmed by biochemical studies (40) . The strong sequence similarity of all known ATCase catalytic domains and subunits suggests that this structural organization is likely to be universal. A recent x-ray study of B. subtilis ATCase (9) and a model building study of the CAD ATCase domain (41) have shown that the active site of these trimeric molecules is also shared and that its topology is remarkably conserved. While the oligomeric structure of the catalytic subunit of P. fluorescens ATCase was not determined because the complex could not be dissociated without denaturation, we propose that the P. fluorescens ATCase, shown here to consist of a multiple of three catalytic chains, also has trimeric catalytic subunits (Fig. 5) . Given 
